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The role of charged centers in radiation-induced phenomena occurring in solid nitrogen irradiated with 
an electron beam was studied. The experiments were performed employing luminescence method and activation 
spectroscopy techniques – spectrally resolved thermally stimulated luminescence TSL and thermally stimulated 
exoelectron emission. To discriminate radiation-induced processes in the bulk and at the surface the samples 
were probed in depth by varying electron energy. Desorption of excited N2* (C3Πu) molecule was detected for 
the first time. The mechanism of this phenomenon based on recombination of electron with intrinsic charged 
center N4+ was proposed. The key role of N3+ center dissociative recombination in generation of N radicals is 
suggested. 
 
 
 
1 Introduction  
Radiation effects in solid N2 attract much attention in diverse fields such as material and 
surface sciences, physics and chemistry of interstellar and solar systems, particle physics. Desorption 
or sputtering is among the most intensively studied radiation-induced phenomena. Electronic 
desorption of solid nitrogen was studied under excitation with electrons [1-5], ions [6-12] and photons 
[13, 14]. Current state of the problem is given in [15]. Despite extensive studies mechanisms of 
electronic sputtering and the part of charged defect centers are still not well understood. The 
experiments [16] have revealed thermally stimulated exoelectron emission (TSEE) from pre-irradiated 
α-phase N2 films which indicates formation and accumulation of charged centers. It is worthy of note 
that electrons in the α-phase N2 are highly mobile [17]. Their localization at the lattice imperfections 
and impurities with positive electron affinity produces negatively charged defect centers. Probability 
of (N2)2+ centers formation was mentioned in [18] while discussing the energy distribution of particles 
desorbed from solid N2 by electron impact. The same centers were suggested to contribute to the novel 
phenomenon – anomalous low-temperature post- desorption ALTpD observed upon heating of a 
preliminary irradiated solid N2 [19]. Creation of ionic species N3+ in electron-bombarded solid N2 was 
reported recently [20]. 
In the present work, we applied luminescence spectroscopy and activation spectroscopy 
methods in order to get information on charged defects and elucidate their role in defect-induced 
processes in electron-bombarded films of solid N2. Recording the luminescence spectra sequences on 
exposure time enabled us to monitor defect production, excited particle ejection and fragmentation of 
molecules. Surface- and bulk-related centers were discriminated by varying electron energy, i.e. the 
penetration depth. Relaxation processes were monitored using a concurrent measurement of three 
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relaxation emission – photons, electrons and nitrogen particles. The obtained information on „post-
irradiation“ processes provides new insights into scenario and relaxation paths that are realized under 
irradiation of solid N2 and clarifies the role of charged defect centers. 
 
2 Experimental section  
 
The experiments presented here were performed using facilities at TUM and ILT described in 
more detail in (Ch. 7 by E. V. Savchenko in [21]). In addition to luminescent spectroscopy we used 
activation spectroscopy methods because detailed knowledge of the processes occurring after 
completing irradiation can provide new insights into the radiation effects and into the stability and 
dynamics of both the charged carriers and the neutral transient species. As it was demonstrated in [22] 
the use of current activation spectroscopy methods along with traditional thermally stimulated 
luminescence (TSL) is essential to distinguish reactions of charged and neutral centers. Taking into 
account the observation of TSEE from pre-irradiated solid N2 [16] we employed concurrent 
measurement of TSEE, spectrally resolved TSL in the visible and VUV ranges and yield of desorption 
by pressure monitoring. TSEE current was detected with an electrode kept at a small positive potential 
+9 V and connected to the current amplifier. When measuring the relaxation emissions we used 
heating at a constant rate of 5 K/min. The entire control of the experiment and the simultaneous 
acquisition of the TSL and TSEE yields, as well as measuring and recording the sample temperature 
and pressure were accomplished using a computer program developed specifically for these studies. 
The samples were grown from the gas phase by deposition on a metal substrate coated by a thin 
layer of MgF2, which was cooled to about 7 K by a two stage, closed-cycle Leybold RGD 580 
refrigerator or a liquid helium cryostat. High-purity (99.999%) N2 gas was used. The base pressure in 
the vacuum chamber was about 10-8 mbar. The deposition rate and the sample thickness were 
determined by observing the pressure decrease in a known volume of the gas-handling system. The 
typical deposition rate was about 10-1 μms-1, and samples of thickness 100 μm were grown.  
In order to ionize the samples and produce charge centers we used slow electrons of 500 eV 
energy. The deposition was performed with a concurrent irradiation by electrons to generate charge 
centers throughout the sample or alternatively the sample was irradiated after deposition. The current 
density was kept at 30 μAcm-2. An electrostatic lens was used to focus the electrons. The radiation 
dose was varied by an exposure time. In the experiments presented we measured yields of TSEE from 
the samples, TSL in VUV range and pressure above the sample during sample heating. The 
exoelectron yield was measured with an electrode kept at a small positive potential +9 V and 
connected to the current amplifier FEMTO DLPCA 200. The VUV cathodoluminescence spectra in 
the range 50-300 nm were recorded with a modified VMR-2 monochromator. The pressure changes in 
the sample chamber during the experiment were monitored using a Compact BA Pressure Gauge 
PBR 260. For calibration we used a flow rate controller. 
The temperature was measured by a calibrated silicon diode sensor mounted directly on the 
substrate, with the programmable temperature controller LTC 60 allowing us not only to measure and 
maintain any desired temperature during sample deposition, annealing and irradiation, but also to 
control the heating regime flexibly. The relaxation processes in N2 samples were studied in the 
temperature range from 7 to 45 K. The entire control of the experiment and the simultaneous 
acquisition of the TSL and TSEE yields, as well as measurement and recording of the sample 
temperature and of the vacuum sample chamber pressure were accomplished using a computer 
program developed specifically for these studies. 
 
3 Results and discussion  
In view of a wide band gap of solid N2 (15.6 eV) we performed measurement of luminescence 
spectra over a broad wavelength range – from the visible to the VUV region. In the luminescence 
spectra measured we observed the well-known atomic nitrogen band, so-called α-group, related to the 
2D→4S transition [23] and molecular series located in VUV and near UV ranges. The typical 
luminescence spectrum of solid nitrogen in VUV range is shown in Fig. 1. 
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Figure 1 Luminescence of solid nitrogen in VUV range. 
 
It consists of the singlet progression a’1Σu-→X1Σg+ and intercombination one A3Σu+→X1Σg+. 
Energy positions of the vibrational bands of both progressions are in good agreement with those 
observed in the early study of VUV luminescence of solid N2 [24, 25]. Note that both progressions 
belong to emission of bulk excitations as is seen from a comparison of spectra detected at low and high 
electron beam energy. Both progressions are shifted toward lower energy with respect to the gas phase 
spectra. The shift for A3Σu+→X1Σg+ progression is 450 cm-1 and 330 cm-1 for the A3Σu+→X1Σg+ one.  
The spectrum detected in the near UV and visible ranges is presented in Fig. 2. The spectrum is 
dominated by the α-group corresponding to the emission of N atoms initiated by matrix phonons. The 
α'-line represents the simultaneous vibrational excitation of N2 molecule (v=0 → v=1) with the atomic 
2D→4S transition [23]. The β-group stems from oxygen impurity and corresponds to the O(1S) → 
O(3P) transition of O atom.  
In the near UV range we registered the emission of second positive system – the transitions 
between C3Πu and B3Πg excited molecular states (denoted in Fig. 2 by 2PB).  
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Figure 2 Luminescence of solid N2 in visible and near UV ranges excited with 1 keV electron beam. 
The overall view of spectra is shown in the inset.  
 
This emission was detected previously in [26] against a background of unknown origin. The 
distinctive feature of this emission is the coincidence of the observed bands with those detected in the 
gas phase spectra within the accuracy of our measurements. Fig. 3 shows in more detail the 
luminescence of solid N2 in the range of second positive system recorded at 5 K.  
“Hot” luminescence – transitions from several vibrational levels (v’=0, 1, 2) of the C3Πu state 
have been detected. Shape of the bands is difficult to analyse because of their overlap. The only band, 
free from overlap, is the band corresponding 0-0 transition. Its shape is characterized by strong narrow 
band coinciding with 0-0 term of the C3Πu→B3Πg progression in the gas phase spectrum excited by an 
electron beam [27]. The blue sub-band is close to the rotational R branch. Note that the blue sub-band 
is also close to the (N2)2 emission observed in the high-pressure discharge [28]. At present it is difficult 
to unambiguously assign the blue sub-band observed in our experiments. We detected also the red sub-
band which was not distinguished in [26] because of overlap with some unidentified impurity. The red 
sub-band grows in intensity with the electron beam energy increase suggesting its bulk origin. In 
contrast strong narrow band coinciding with the gas band is thought to be the emission of nitrogen 
molecules desorbing in the excited C3Πu state.  
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Figure 3 The second positive system in luminescence of solid N2 excited with 500 eV electron beam. 
 
Additional experiments on probing the samples in depth by the electron beam energy variation 
and experiments with thin films (< 100 nm) support this assignment. Fig. 4 demonstrates the spectrum 
transformation with changing the penetration depth. Simple estimation and the data reported in [29] 
show that the penetration depth differs by an order of magnitude (from 10 nm to 100 nm) when the 
electron energy beam changes from 500 eV to 1,2 keV. For clarity the spectra were normalized to the 
intensity of α-band related to the emission of bulk centres. An increase of the ratio of the intensity of 
the second positive system to the intensity of α-band at lower electron beam energy is clearly seen.  
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Figure 4 Luminescence spectra of solid N2 excited with 500 eV and 1 keV electron beam. For 
simplicity sake the spectra are normalized to the α-band intensity. 
 
Similar effect of the molecular emission enhancement was observed in thin films as illustrated 
in Fig. 5.  
An increase of the relative intensity in favour of the molecular emission in thin film and at 
lower electron beam energy supports its relation to the surface. These findings are in contradiction 
with the interpretation of this emission as emission of molecules freely rotating in solid nitrogen 
proposed in [26]. It is known that in the α-phase of solid N2 rotation of molecules is frozen and the 
barrier to rotation is about 35 K [30]. Moreover, we observed a blue matrix shift of the bands in Ne 
matrix in accordance with [31]. Taken together our observations argue for the assignment of the 
C3Πu→B3Πg progression in luminescence spectrum as the emission from N2 molecule desorbing in the 
excited state. The partial yield of the excited molecules desorption (monitored by the luminescence) 
correlated with the total desorption yield (monitored by the pressure). Note that desorption of 
metastable nitrogen molecules stimulated by low-energy electrons was detected by time-of-flight 
technique in [5].  
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Figure 5 Luminescence spectra of thin N2 film (<100 nm). 
 
Monitoring the luminescence spectra with an exposure time revealed accumulation of 
radiation-induced centers responsible for the emissions observed. Fig. 6 shows the dose dependence of 
the C3Πu→B3Πg transition by the example of 0-1 band. Most likely it is the result of positively charged 
centers N4+ formation and accumulation. Reaction of dimerization is well-known for a number of 
materials, e.g. rare-gas solids [32] and dense rare gases [33]. Formation of the molecular cluster N4+ in 
the gas phase at high pressure by the reaction:  
 
N2+ + 2N2 → N4+ + N2   (1) 
 
was observed in [34]. The experiments with free supersonic jet of nitrogen below 20 K have 
demonstrated efficiency of ionic association reaction (1), which is characterized by the inverse 
temperature rate law [35].  
Recombination of N4+ with electron proceeds by the reaction [36]: 
 
N4+ + e- → N2* + N2 + ΔE2   (2) 
 
So, dissociative recombination of N4+ with electron results in the appearance of excited 
nitrogen molecule. Emission of the second positive system following reaction (2) was first detected in 
[37] using pulse radiolysis of N2 at high pressure. The REMPI experiment [38] performed at the near-
atmospheric pressure N2 also demonstrated population of the C3Πu state after electron-ion 
recombination of N4+. Structure and stability of nitrogen cations, including N4+, have been analyzed in 
a comprehensive review [39].  
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Figure 6 Dose dependence of the second positive system (0-1 band). 
 
To ensure contribution of charged defect centers in desorption of the excited nitrogen 
molecules we measured thermally stimulated luminescence TSL, that is the recombination 
luminescence, at different wavelengths, including wavelengths of the second positive system bands. 
Simultaneously the yield of TSEE was measured. Fig. 7 shows the TSEE yield as compared to the TSL 
yield measured in 0-1 band of the C3Πu→B3Πg system. 
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Figure 7 Yields of the TSL measured in 0-1 band of the second positive system and α-band relative to 
the concurrently detected TSEE yield. 
 
Temperature behaviour of the recombination luminescence in the C3Πu→B3Πg transition band 
strongly correlates with the TSEE current, indicating that the primary process, which underlies the 
desorption of excited nitrogen molecules, is the recombination of electron with positively charged 
ionic center N4+ (reaction 2). The excited molecule at the surface experiences a repulsive interaction 
with neighbours because of negative electron affinity of nitrogen [40] that makes effective so-called 
“cavity expulsion” mechanism, which is realized in light rare-gas solids [32]. 
The most intense feature of the TSL spectrum in visible range is the α-group, related to the 
2D→4S atomic transition. Its observation in the TSL and correlation of the TSL yield detected in the α-
band with the TSEE yield points to a connection of the atomic center with a charge recombination 
reaction. Recombination of N2+ with electron cannot be responsible for the TSL in α-band of pure 
nitrogen, while in N2-doped rare-gas matrices the dissociative recombination of N2+ may result in 
creation of defect center N(2D) [41] by analogy with the well-known dissociative recombination in a 
low-density nitrogen gas [42]. Ionic center N4+ dissociates into molecules by the reaction (2). As it was 
mentioned N3+ centres are generated in solid nitrogen under electron bombardment [20]. The 
dissociative recombination of N3+ cation was investigated at the heavy-ion storage ring CRYRING 
[43]. Two exothermic channels were found – two-body and three-body:  
 
N3+ + e- → N2 + N + ΔE3   (3) 
N3+ + e- → N + N + N + ΔE4   (4) 
 
A strong propensity to dissociate through the two-body channel (3) has been found. Energy 
released in the channel (4), an order of magnitude smaller than that released in the channel (3), which 
makes it impossible to dissociate with the appearance  of N(2D) by the three-body channel. ΔE3 
exceeds 10 eV [43], which creates preconditions for dissociation with the emergence of N(2D) center. 
We observed accumulation of these centers upon irradiation as illustrated in Fig. 8. 
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Figure 8 Dose dependence of the α-group in luminescence. 
 
Analysis of the data obtained counts in favor of the channel (3) as a main channel creating 
N(2D) radicals in solid N2. The radiative transition 2D→4S changes the atomic state to the ground one, 
leaving the atomic lattice defect. 
 
3 Summary  
Luminescence spectra of solid nitrogen excited by low-energy electron beam were measured 
over a broad range of wavelengths – from the visible region to the vacuum ultraviolet. The study of 
spectra evolution under irradiation provided information on defect production and accumulation, 
molecule fragmentation and particle desorption. Probing the samples in depth by varying electron 
energy permitted discrimination of the surface- and bulk-related processes. The impact of electrons is 
found to induce desorption of excited nitrogen molecules in the C3Πu state followed by the radiative 
transition the C3Πu→B3Πg. The study of relaxation emission – spectrally resolved TSL and TSEE 
enabled us to restore the desorption scenario and elucidate the role of charged defect centers. The 
dissociative recombination of N4+ with electron is suggested to be a key process underlying the 
desorption of excited molecules. Atomic defect creation in the bulk proceeds the most likely via the 
reaction of dissociative recombination of N3+ with electron. These findings are in line with the 
detection of cluster ions (N2)nN2+ and (N2)nN+ sputtering by fast ion collisions [44]. 
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